 Obata (Journal of Petrology, 21, 533-572, 1980 
INTRODUCTION
There is general agreement among Earth scientists that tectonic processes such as mountain building and basin development are to a large extent controlled by the mechanical behaviour of the mantle lithosphere. This notion clearly motivates geological studies of the upper mantle in orogenic areas. Two types of geological studies are critical to infer the role of the upper mantle in orogenic processes: (1) struc-'tural studies concerned with the geometry, kinematics and rheology of upper-mantle deformation, and (2) studies aiming to assess thermal histories. Direct observational studies of upper-mantle processes are necessarily confined to the limited exposure of upper-mantle rocks in peridotite massifs and basalt-and kimberlite-borne upper-mantle xenoliths. Orogenic peridotite massifs in particular are the main source of direct information on the nature and scale at which structural heterogeneities develop underneath orogenic regions (Den Tex, 1969) and, implicitly, on the mechanical behaviour of the upper mantle during orogeny (e.g. Nicolas, 1984 Nicolas, , 1986 . Many orogenic peridotites do indeed show a complicated and heterogeneous structure, regionally variable metamorphic assemblages, and a heterogeneous trace element and isotope geochemistry (e.g. Nicolas, 1986; McDonough & Frey, 1989; Menzies & Dupuy, 1991, and references therein) . Geological studies aiming to understand processes in the upper mantle allied with orogenic activity should therefore concentrate on such heterogeneous peridotite massifs. Platt & Visserj (1989) ] showing onjhore exposures of ultramafic massifi and major localities of Neogene volcanism. Gravity anomalies after Bonini el al. (1973) .
Below, we focus on the Ronda peridotite exposed in the western Sien-a Bermeja, Betic Cordillera, SW Spain (Fig. 1 ). Our choice of this massif was motivated as follows:
(1) Pioneering geochemical and geological studies have shown that the West Mediterranean peridotites are among the most heterogeneous mantle rocks exposed at the Earth's surface (e.g. Kornprobst, 1969; Dickey, 1970; Darot, 1973; Obata, 1980; Zindler et al, 1983; Frey et al, 1985; Suen & Frey, 1987; Saddiqi et al., 1988; Pearson et al., 1989; Reisberg et al., 1991) . This heterogeneity is particularly evident in the Ronda massif, which shows extensive imprints of all three peridotite metamorphic facies (i.e. garnet, spinel and plagioclase peridotite facies) in an essentially coherent outcrop of some 300 km* (Obata, 1980) .
(2) The isotopic (e.g. Reisberg & Zindler, 1987 ) and elemental (Frey et al., 1985; Suen & Frey, 1987) heterogeneity of the Ronda peridotite suggests a lithospheric rather than asthenospheric origin for the Ronda peridotite (Menzies & Dupuy, 1991) . In addition, graphite pseudomorphs after diamond in the Beni Bousera peridotite in North Morocco (Pearson et al., 1989; Tabit et al., 1990) as well as in the Ronda massif (Davies et al., 1993) point to an origin at deep levels and suggest that the Ronda and other West Mediterranean peridotites should have preserved the imprints of successive stages of uplift and eventual emplacement in the crust.
(3) Previous structural work on the West Mediterranean peridotites by Darot (1973) , Reuber et al. (1982) and Tubia & Cuevas (1986 , 1987 also suggests a marked structural heterogeneity of the mantle fragments in question.
(4) In view of its geologically young emplacement age (~22 Ma; Priem etal., 1979; Zindler et al., 1983) in an area showing significant gravity anomalies ( Fig.  1 ; Bonini et al., 1973) and scattered but frequent seismic activity (e.g. Buforn & Udias, 1991) , we envisaged that the West Mediterranean massifs would allow a unique opportunity to interpret upper-mantle structures and metamorphic assemblages in terms of a tectonic process still active today.
A first-order feature of the Ronda massif is its distinct metamorphic zoning (Obata, 1980) in a somewhat concentric pattern of kilometre-scale domains showing garnet, spinel and plagioclase peridotite facies, respectively (Fig. 2) . This feature is possibly unique among all orogenic peridotite massifs. The dimensions of the exposure clearly preclude an interpretation in terms of an undisturbed mantle sequence, such that the different peridotite facies must reflect different stages of equilibration during the tectonic history of the peridotite. The relative ages of the metamorphic domains have never been accurately studied, however, and the inherent uncertainty on the structural and metamorphic history of the massif has allowed a variety of hitherto untested hypotheses on the uplift and emplacement of the West Mediterranean peridotites. Elaborating on mantle diapir models (Van Bemmelen, 1969; Loomis, 1972a Loomis, , 1975 , Obata (1980) interpreted the Ronda peridotite exposure in terms of an ascending hot, slowly cooling peridotite mass, in which the garnet-bearing peridotites reflect an early-stage cooling of the rim whereas the plagioclase peridotites developed in the core of the body during a final stage of uplift (Obata, 1980, his fig. 12 ). This model thus clearly predicts that the garnet peridotites should be older than the plagioclase peridotites. Other recent uplift and emplacement models include tectonic denudation of a 'mantle core complex' (Doblas & Oyarzun, 1989) , and upward mantle flow underneath a continental rift followed by thrusting of hot mantle over the adjacent continental crust (Tubia & Cuevas, 1986 , 1987 . The 'core complex' hypothesis draws attention to a possible role of the mylonites seen in the garnet peridotite domain during exhumation of the peridotite, and aside from the disputable inference by Tubia (1990) that the peridotite is still rooted in the present-day mantle, this hypothesis implies that the garnet peridotite mylonites should be relatively young. Upward mantle flow in a continental rift before thrusting and emplacement (Tubia & Cuevas, 1986 , 1987 assumes that the plagioclase peridotites formed at an early stage whereas the spinel-and garnet-bearing assemblages should have developed during a later compressional event. It is clear that the structural and metamorphic history of the Ronda peridotite may be critical to test these hypotheses. This paper documents the results of a structural and microstructural study of the Ronda peridotite in the western part of the Sierra Bermeja in SW Spain. The purpose of this study is to assess the relative timing of the different structural and metamorphic domains preserved in the massif and, on the basis of the associated microstructures, to infer the microphysical processes involved in the development of the different structures. The results of our structural study can be used to test current working hypotheses for the uplift and emplacement of upper-mantle rocks in the Betic-Rif arc. In addition, we believe that the structural and metamorphic history of the Ronda peridotite provides a desirable framework for geochemical studies.
UTHOLOGY

REGIONAL TECTONIC SETTING
The Ronda massif in SW Spain is located in the Betic Cordillera, the northern and northwestern part of the arc-shaped mountain belt surrounding the western end of the Mediterranean or Alboran Sea (Fig. 1) . The belt represents the western termination of the Alpine orogenic system of southern Europe and developed since Late Mesozoic times in response to progressive Alpine convergence between Africa and Iberia.
In the western part of the Betic Zone and in the Rif of northern Morocco, several ultramafic massifs with Neogene emplacement ages (Priem et al., 1979) occur spatially associated with metamorphic rocks of the Alpujarride complex (e.g. Torres-Roldan, 1979) . The Ronda peridotite forms a sheet, at least 1-5 km thick, thrust amidst metamorphic rocks of clearly crustal origin, and is separated from these rocks by brittle faults (Figs 2 and 3) . The peridotite overlies high-grade gneisses and marbles of the Blanca unit (Lundeen, 1978) , commonly assigned to the Alpujarride complex, along an essentially low-angle brittle thrust marked by extensive brecciation discernible over a distance of up to 100 m away from the contact. In addition, at several localities along the southern margin of the massif, the peridotite is bounded by high-angle normal faults that clearly displace the low-angle thrust contact of the Ronda body with the underlying Blanca unit (Fig. 3) . Along the northwestern and western margin, a brittle fault gouge of up to 10 m width separates the peridotite from steeply dipping high-grade gneisses and relict granulites with a distinct sillimanite-facies metamorphic overprint. Away from the peridotite, these rocks pass rapidly into lower-grade pelites showing the low-pressure-high-temperature andalusite-facies series of the Ronda aureole (Loomis, 19724; TorresRoldan, 1981; Hollerbach, 1985) . These metamorphic rocks northwest of the peridotite are commonly grouped into the Casares Unit (Loomis, 19726) of the Alpujarride complex. The ubiquitous evidence for extensive brittle deformation associated with final emplacement of the peridotite may have at least two important implications. First, in view of documented rigid body rotations of up to 60° in several of the nearby thrust units (e.g. Platzman, 1992) it is possible that the ductile movement directions documented in this paper as well as by other workers (Darot, 1973; Reuber et al., 1982; Tubia & Cuevas, 1986 , 1987 have been subject to unconstrained but considerable rigid-body rotations during brittle thrusting. Such large rigid-body rotations could entirely invalidate the use of ductile movement directions, measured in a present-day coordinate frame, for the reconstruction of palaeotectonic environments (e.g. Vauchez & Nicolas, 1991) . Second, important from a petrological viewpoint, the brittle fault gouges seen along the northwestern margin of the Ronda body may indicate large displacements of the Ronda aureole relative to the adjacent peridotite.
MAIN CHARACTERISTICS OF THE RONDA PERIDOTITE
Form-surface mapping in the Ronda massif reveals that the internal structure of the peridotite body is dominated by three SW-NE-trending structural domains (Fig. 2) . These domains are:
(1) Intensely foliated porphyroclastic spinel peridotites and mylonitic garnet-spinel peridotites in the northwestern part of the Ronda peridotite, both enclosing subordinate garnet pyroxenite layers. We refer to the entire domain as the garnet-bearing peridotites because the occurrence of garnets, though mainly confined to the pyroxenite layers, is unique to this domain.
(2) Coarse-grained, virtually undeformed granular spinel peridotites with subordinate spinel pyroxenite layers, exposed in the central part of the area.
(3) Moderately foliated, porphyroclastic plagioclase peridotites with subordinate plagioclasebearing pyroxenite layers, dominating the southern and eastern part of the Ronda massif.
All peridotites in these different domains show a moderate or, locally, strong imprint of late serpentinization, which we will not consider in any detail.
The massif is transected by sinistral strike-slip faults with estimated displacements of up to several hundred metres. In the NE part of the map area a prominent 'graben' structure has been identified, bounded by britde normal faults. Towards the east, the map area is bounded by a major sinistral strikeslip fault with a displacement of at least 10 km. East of this fault, the massif mainly consists of plagioclase peridotites. This eastern part of the massif has not been mapped in detail. All of the structural and metamorphic domains are cut by aplitic dykes of up to 10 m thickness which are spatially associated widi brecciated and faulted zones within the massif.
GARNET-BEARING PERIDOTITES
Spinel tectonites
The earliest structures preserved in the Ronda peridotite occupy the northwestern part of the Ronda massif. This domain is dominated by porphyroclastic spinel peridotites, hereafter referred to as spinel tectonites (Fig. 2) . Their maximum dimension is > 7 km measured perpendicular to the foliation. They are bound by granular peridotites to the south and southeast, and by a 500-750 m thick garnet-spinel mylonite to the northwest. The entire domain of spinel tectonites plus garnet-spinel mylonites roughly coincides with the Ariegite and garnet peridotite facies domains identified by Obata (1980) . The peridotite metamorphic facies terminology of O'Hara (1967) is used here and below (see also Table 1 ). The spinel tectonites are lherzolites and harzburgites, with minor (<5%) garnet pyroxenites. The porphyroclastic structure of the spinel tectonites is accentuated by elongate pyroxenes in an olivinedominated matrix. Throughout the domain, the intensity of the foliation is fairly homogeneous but, locally, there are 100-m-scale discontinuous lensoid domains of less deformed rocks with a coarse-grained granular structure. Such heterogeneities provide distinct evidence for kilometre-scale strain localization. The main foliation in the spinel tectonites ( dips steeply NW or SE (Fig. 2 ). Stretching lineations in the plane of the tectonite foliation are dominantly subhorizontal but, locally, also subvertical. The pyroxenite layers are generally straight and always oriented parallel to the spinel tectonite foliation. Only in the most intensely foliated spinel tectonites do pyroxenite layers show occasional isoclinal folds and boudins. Both structures are again oriented parallel to the foliation. The spinel tectonite microstructure is dominated by large elongate olivines (1-2 mm) surrounded by small olivine neoblasts (200-400 fun) with straight to curved grain boundaries. Deformation-induced undulatory extinction and deformation bands (sub)-parallel to olivine (100) are common. Elongate orthopyroxene (enstatite) clasts with clinopyroxene exsolution lamellae (Fig. 4b ) are surrounded by polygonal orthopyroxene and clinopyroxene (diopside) neoblasts, suggesting deformation-induced dynamic recrystallization of the pyroxenes (e.g. Urai et al., 1986) . Orthopyroxene also occurs as small, exsolution-free grains amidst olivine. Clinopyroxene (diopside) clasts are mostly replaced by polygonal neoblasts delineating elongate clusters parallel to the foliation. Spinel shows a holly-leaf (Mercier & Nicolas, 1975) microstructure, and occurs in trails of several grains aligned parallel to the foliation. The spinel tectonite microstructure is broadly similar to the porphyroclastic microstructures commonly observed in mantle xenoliths (Mercier & Nicolas, 1975; Harte, 1977) . Small amounts of amphibole (pargasite) have replaced pyroxene on grain boundaries and triple junction contacts, possibly indicating the presence of hydrous fluids during deformation.
Olivine lattice preferred orientation (LPO) patterns in the spinel tectonites are shown in Fig. 5a . Olivine [100] axes are concentrated in a point maximum at small angles (<5°) to the foliation and subparallel to the lineation. A second maximum occurs perpendicular to the lineation at small angles to the foliation plane. Olivine [010] is mainly concentrated in a point maximum perpendicular to the foliation, whereas fewer [010] axes define a small partial girdle running perpendicular to the foliation. Olivine [001] shows a dominant maximum at large angles to the lineation in the foliation plane, with a partial girdle running towards the periphery of the stereonet. Following Bouchez et al. (1983) , this fabric pattern suggests crystal-plastic deformation accommodated by intracrystalline slip on the olivine [100]{OA/} slip systems, with a strong contribution of [100] (010). These slip systems are well known from olivines experimentally deformed under mantle conditions (Carter & Ave Lallemant, 1970) .
Garnet-spinel mylonites
In a 500-750 m wide zone along the northwestern periphery of the massif, but also in narrow zones within the massif, the spinel tectonite fabric abruptly passes into a mylonitic fabric. This is particularly evident in the upstream part of the river Guadalmanza in the eastern part of the mapped area, where the spinel tectonite foliation consistently rotates, within a distance of < 10 m, into parallelism with the mylonitic foliation in these zones (Figs 2 and 6). This relationship provides conclusive evidence that the mylonites postdate the spinel tectonites. The sense of rotation of the spinel tectonite foliation into the mylonite zones can be used as a shear sense indicator (Ramsay & Graham, 1970) and points to a sinistral sense of shear in the mylonites with respect to present-day geographical coordinates. This movement sense is consistent with Fig. 2 ) illustrating the high degree of strain localization in the garnet-bearing peridotite domain. The structures conclusively demonstrate that the garnet-spinel mylonites developed as a result of this localization, and that they must be younger than the spinel tectonites. The structural transition concurs with a metamorphic transition, from Ariegitc subfacies conditions towards the Aricgite subfacies-garnet peridotite fades boundary.
previous kinematic interpretations of olivine LPO patterns by Darot (1973) . The mylonites are mainly lherzolites with minor harzburgites and dunites. The mylonitic foliation dips steeply to the west and NW, with mineral stretching lineations which are dominantly subhorizontal. These layers are either straight or boudinaged, and are always parallel to the foliation (Fig. 4c ). Extreme boudinage of these pyroxenite layers led in some cases to complete disruption of these layers into single-crystal microboudins containing garnet and/or clinopyroxene dispersed in the mylonitic matrix. In addition, dismembered pyroxenite layers are often isoclinally folded.
The mylonite microstructure is characterized by elongate olivines aligned parallel to the foliation. The olivine grain size is heterogeneous, with few relict large grains (0-5-1-0 mm) in a matrix of smaller recrystallized grains (200 /jm). The olivine grain boundaries are commonly slightly curved. Orientation distribution analysis (Sander, 1950) of this microstructure reveals that the orientations of JOURNAL OF PETROLOGY VOLUME 37 NUMBER 1 FEBRUARY 1996 the small recrystallized olivine grains are not controlled by that of the neighbouring larger grain, suggesting that the smaller grains principally result from a migration recrystallization dominated mechanism (Poirier & Guillope, 1979) . Orthopyroxene clasts (enstatite) are stretched by slip on (100) to aspect ratios exceeding 1:10, but some enstatite also occurs dispersed in the olivine matrix as small exsolution-free neoblasts with grain sizes similar to that of the olivines. Clinopyroxenes (diopside) occur as slightly elongate clusters of several recrystallized grains dispersed in the olivine matrix, and as isolated grains. Spinel grains are elongate with their long axes parallel to the mylonitic foliation. Only the larger spinels have preserved their holly-leaf shapes; the smaller ones are rounded and occur isolated in the olivine matrix. Spinel is often rimmed by a finegrained symplectitic assemblage (Fig. 4d) , considered in detail below. The characteristics of the mylonite microstructure are intermediate between those of the porphyroclastic and tabular equigranular microstructures denned by Mercier & Nicolas (1975) . Olivine LPO patterns in the garnet-spinel mylonites are shown in Fig. 5b . Olivine [100] is concentrated in a point maximum at small angles to the lineation, with a partial girdle running subparallel to the foliation plane. Olivine [010] shows a strong point maximum sub-perpendicular to the foliation. Olivine [100] shows two maxima: a dominant maximum sub-perpendicular to the lineation in the foliation plane, and a second one at small angles to the foliation. This fabric suggests that slip occurred dominantly on the olivine [100] (010) slip system (see, e.g. Mercier, 1985) .
Mafic layers
The dominant mafic layers enclosed in the garnetbearing peridotites are garnet pyroxenites of up to 3-m thickness. These layers show a foliated microstructure characterized by elongate clinopyroxene and garnet, with minor orthopyroxene, olivine, spinel and amphibole. Occasionally, garnet pyroxenites contain significant amounts (~40%) of plagioclase. Clinopyroxene shows characteristic coreand-mantle microstructures of slightly elongate grains with' serrate grain boundaries, surrounded by fine-grained clino-and orthopyroxene, ±plagioclase and amphibole. Both clinopyroxene and plagioclase show some lattice preferred orientation. These observations suggest that most garnet pyroxenite layers recrystallized dynamically, such that their earlier magmatic and/or metamorphic textures and assemblages became largely obliterated.
The garnets are rimmed by fine-grained symplectitic assemblages made up of radial lamellae of orthopyroxene and plagioclase, with dispersed ultrafine-grained spinel (<1 fim) (Fig. 7a) . This assemblage is clearly undeformed and shows a pronounced outward coarsening. Similar symplectitic rims around garnets are common in many other ultramafic rocks and rocks of basic composition [see review by Carswell (1986) ] and are known as kelyphite. They are believed to have grown after garnet during decompression.
Spinel rimmed by kelyphite
In the garnet-spinel mylonites from the NW margin, apparently stable spinel grains occur together with spinels surrounded by fine-grained symplectitic rims (Fig. 4d) , also referred to as kelyphite. These latter Fig. 7 . Back-scattered electron images of kelyphitic rims (KEL) around (a) garnet (GRT) from pyroxenite layers, (b) spinel (SPL) from host lherzolites in garnet-spinel mylonite domain. Scale bar in both graphs 25 fim. Kelyphite assemblage contains phases with different back-scattered contrast, seen as different shades of grey. In (a), the darkest phase is plagioclase, the brightest spinel (tiny rounded grains) and the intermediate phase orthopyroxene. In (b), the darkest phase is orthopyroxene, the brightest spinel (small worm-like grains) and the intermediate phase clinopyroxene. (Note fine-grained and essentially undeformed nature of both types of kelyphitic rims.) Mineral and bulk analyses of kelyphitic assemblages shown in (b) are listed in Table 2. spinels are common and show no obvious relationship with the isolated single-crystal microboudins dispersed in the mylonitic matrix as a result of extreme stretching of pyroxenite layers. Millimetrescale elongate symplectite assemblages scattered in the olivine matrix are also common and contain small angular spinels embedded in the fine-grained symplectite matrix. These small angular spinels probably developed from former larger spinels by microboudinage. The necks of the microboudins, as well as the rims of spinel clusters, consist of a finegrained intergrowth of pyroxenes and spinel, with grain sizes up to a few micrometres. These assemblages are distinctly undeformed (Fig. 7b) . Plagioclase in this assemblage occurs in variable amounts and is always associated with spinel, suggesting that this plagioclase crystallized at the expense of a precursor spinel at some stage later than, hence unrelated to, the development of the kelyphitic assemblage.
Representative mineral compositions of phases in the symplectitic assemblage of Fig. 7b are shown in Table 2 . The data show that the bulk composition of the symplectites surrounding the spinel resembles a pyrope-rich garnet composition. We therefore infer that the kelyphitic rims around spinel represent a precursor pyropic garnet. The field data and microstructures both suggest that the transformation of early spinel to a pyrope-rich garnet occurred during mylonitization. On the other hand, the undeformed nature of the kelyphitic rims suggests that the transformation of this garnet into kelyphite postdates the mylonitic deformation, hence that the breakdown of garnet is unrelated to the mylonitization and associated ambient conditions. Rims broadly similar to those documented here have been reported from 1996 deformed domains of the Horoman peridotite in Japan (Niida, 1984) .
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GRANULAR SPINEL PERIDOTITES General
Coarse-grained, virtually undeformed granular peridotites define a second structural domain dominating the central part of the massif. This domain is bounded by spinel tectonites to the north and NW and by porphyroclastic plagioclase peridotites to the south and SE (Fig. 2) . The granular domain roughly corresponds to the Seiland subfacies domain (see Table 1 ) identified by Obata (1980) . The granular peridotites are characterized by equigranular pyroxenes dispersed in a homogeneous olivine matrix (Fig. 8a) . The average pyroxene grain size is remarkably heterogeneous and varies from coarse (> 1 cm) to relatively fine grained (<0-2 cm). The granular peridotites are dominantly harzburgites but with abundant lherzolite bodies. Small to medium-sized indigenous dunitic bands occur in the granular domain, and their abundance and size increase towards the south. At several localities, the granular peridotites include centimetre-to 100-mscale layered sequences of harzburgite and dunite (Fig. 8b) . Similar harzburgite-dunite associations have been interpreted as layered magmatic structures arising from a percolating silicate melt (Quick, 1981; Kelemen, 1990; Takazawa et al., 1992; Gervilla & Remaidi, 1993; Kelemen & Dick, 1995) .
The northwestern boundary of the granular domain shows several features critical to the nature of this boundary as well as to the relative age of the granular rocks with respect to the garnet-bearing peridotites. These features are as follows: (1) the high relief in the area of up to 900 m allows assessment of the three-dimensional shape of the boundary by field mapping, indicating that this boundary is curved and that it forms part of a kilometre-scale dome-shaped surface (best visible on the map of Fig. 2) ; (2) the transition from 'typical' spinel tectonites to clearly granular peridotites is not abrupt but occurs within a narrow zone of 200 m at most, marked by the gradual disappearance of fabric elements such as foliation and mineral elongation, i.e. across the transition olivine and pyroxene gradually lose their shape-preferred orientations and evolve towards an equigranular microstructure; (3) as evident from the map (Fig. 2 ) the boundary is markedly oblique to the structural trend of the spinel tectonites; (4) the layering, i.e. compositional layering and\pyroxenite dykes, is essentially continuous across the transition, and the orientation of the layering in the spinel tectonites is virtually parallel to that in the granular domain; (5) the alignment of spinel grains in trails, parallel to the foliation in the spinel tectonites, is also observed in the NW part of the granular domain and, across the transition, remains constant in orientation and parallel to the layering. All of' these features suggest that the domain boundary between the spinel tectonites and granular peridotites is not the result of juxtaposition of two different mantle units along faults, such as the enechelon sinistral strike-slip faults affecting the Ronda peridotite in other parts of the area. The nature of the boundary between the granular peridotites and the plagioclase peridotites to the south and SE is discussed below.
Microstructures
The microstructure of the granular peridotites varies considerably within the granular domain. The microstructures in the central and southern part of the granular domain are characterized by large (2-10 mm) olivine grains with curvilinear grain boundaries and triple junction contacts. Subgrain walls, dominantly parallel to olivine (100), are common. Orthopyroxene (enstatite) and clinopyroxene (diopside) occur as often isolated, coarse and equigranular crystals in the olivine matrix. Spinel grain shapes are variable and include idiomorphic as well as holly-leaf and small rounded grains scattered in the olivine matrix. Spinel grains are frequently pinned on olivine grain boundaries; however, we have not observed any clear example of spinel enclosed in olivine. In addition, despite careful search we have not noted any pyroxene-spinel clusters as described by Mercier & Nicolas (1975) . The microstructures are therefore broadly similar to those documented as secondary protogranular (Mercier & Nicolas, 1975) or secondary recrystallized (Downes, 1987) microstructures.
In the transition zone between the granular peridotites and the foliated garnet-bearing peridotites, the granular peridotite microstructures are typically intermediate between the porphyroclastic microstructure of the spinel tectonites and the granular microstructures described above. Some microstructures are characterized by the joint occurrence of stretched orthopyroxenes with high aspect ratios (>l:10) as well as rounded orthopyroxenes, both embedded in a fine-grained matrix of strain-free equigranular olivines. Many of the olivine grain boundaries are pinned at tiny spinel grains. This microstructure (Fig. 8c ) strongly suggests annealing recrystallization accompanied by grain growth [compare with experimentally formed microstructures documented by Karato (1989) ], and could represent a former high-strain garnet-spinel mylonite modified by annealing recrystallization and grain growth. This recrystallization, however, mainly affected the olivine and some of the orthopyroxenes, whereas spinel and most pyroxenes largely retained their earlier grain shape.
A more evolved granular microstructure from the transition zone is illustrated in Fig. 8d . This microstructure is characterized by coarse-grained equigranular olivines which enclose coarse equigranular pyroxenes and holly-leaf-shaped spinels. The spinel grains show a distinct shape-preferred orientation, shown parallel to the long dimension of Fig. 8d , and are aligned in trails. In outcrop, such spinel trails can be traced across the transition zone into the spinel tectonite domain where they are parallel to the spinel tectonite foliation. These trails are therefore inferred to reflect the deformation more clearly preserved in the spinel tectonites. The microstructures from the transition zone thus suggest that they represent an intermediate stage in the development of the granular peridotites by annealing recrystallization and grain growth affecting a deformed protolith.
Amphibole (pargasite) is a common constituent within <2 km of the transition zone with the spinel tectonites. Further away from the transition zone, no amphiboles have been observed.
Lattice preferred orientation patterns
To further investigate the nature of the transition between the two domains, olivine LPO patterns have been measured in peridotites with a variable degree of recrystallization. The presumption underlying this exercise was that annealing recrystallization and grain growth cannot be expected to completely remove a pre-existing LPO pattern (Green, 1967; Hobbs, 1968) . The results are shown in the stereograms of Fig. 9 , where the orientation data are plotted with respect to present-day geographical JOURNAL OF PETROLOGY coordinates. This approach has the advantage that it allows the examination of possible changes, across the transition, in the geometry of the LPO patterns as well as in the orientations of the foliated microstructure (e.g. the spinel trails) and the flow plane (inferred to be parallel to the dominant olivine slip plane). From inspection of Fig. 9 it is clear that the olivine LPO patterns, the foliated structure and the inferred flow plane (indicated by the preferred orientation of olivine [010]) in the granular peridotites, transitional peridotites and spinel tectonites) are essentially parallel. It should be noted that the 1 % contour is somewhat variable, but this may be due to a variable number of measurements and is probably consistent with minor variations among the LPO patterns in the garnet-bearing peridotites (Fig.  5) . The olivine LPO patterns seem thus consistent with the hypothesis that the granular peridotites developed as the result of annealing recrystallization and grain growth affecting the spinel tectonites and garnet-spinel mylonites, hence that the granular rocks developed progressively at the expense of a previously deformed protolith. At this stage it is noted, however, that the largely annealed microstructures and their olivine LPO patterns are, as such, also consistent with high-temperature-lowstress deformation dominated by migration recrystallization. This alternative interpretation is further discussed below.
Mafic layers
The transition from the spinel tectonites to the granular peridotites is accompanied by a change in mineral composition of the mafic layers from garnet pyroxenites to spinel pyroxenites (Fig. 2) . Notably, garnet pyroxenites from the transition zone often show symmetrical rims of spinel pyroxenite. In addition, some spinel pyroxenites from the transition zone show typical pyroxene-spinel aggregates or clusters with a diameter < 1 cm, commonly believed to represent precursor garnets (e.g. Smith, 1977; Green & Burnley, 1988) . These observations suggest that at least part of the spinel pyroxenites from the granular domain represent the transformed and recrystallized equivalents of former garnet pyroxenites.
Further south in the granular domain, spinel pyroxenites consist of coarse-grained ortho-and clinopyroxenes, coarse greenish spinels and, occasionally, a significant amount of pargasitic amphibole. Irregular pyroxenite layers are rimmed by centimetre-scale depletion zones, consistent with subordinate melting in the granular domain.
Bright green pyroxenite layers of mainly clinopyroxene with minor orthopyroxene, olivine, spinel and phlogopite are an important constituent of the Ronda peridotite. They have been documented as Cr pyroxenites by Obata (1980) . Cr pyroxenites occur in all structural domains; however, over 90% of all Cr pyroxenites are seen in the granular peridotites, where they occur in two different types of layers (Garrido et al., 1993) . Tiny, 1-5 cm wide 'replacive' layers occur parallel to the primary banding and often contain relics of a replaced mineral assemblage including spinel and orthopyroxene. Up to 10 m thick, 'intrusive' dykes have sharp, well-defined boundaries and cut across the primary banding of the peridotite wall-rock. Though extremely uncommon, Cr pyroxenites do occur in the garnet-spinel mylonites as undeformed 'intrusive' dykes, several centimetres thick, which cut across the mylonitic foliation. Cr pyroxenites are slightly more common in the spinel tectonites, where they are undeformed and again discordant with respect to the layering. The Cr pyroxenites in the spinel tectonites are generally associated with garnet pyroxenites (Garrido et al., 1993) . On the other hand, at one locality in the plagioclase tectonites, a strongly deformed Cr pyroxenite has been observed with a foliation parallel to the plagioclase tectonite foliation, indicating that the Cr pyroxenites predate the development of the plagioclase tectonite structure. The structural data indicate that the Cr pyroxenites developed at a stage later than the deformation in the garnet-bearing peridotites, probably during recrystallization in the granular domain, and certainly before the development of the plagioclase peridotites. Recent geochemical and petrographic studies suggest an origin of the Cr pyroxenites from reaction of pre-existing pyroxenite layers with melts of calc-alkaline (Garrido et al., 1993) signature. The Cr pyroxenites may thus indicate that the development of the granular peridotite was accompanied by infiltration of possibly asthenospheric melts. Further investigation of this hypothesis has been carried out by Van der Wai & Bodinier (1995) .
PLAGIOCLASE PERIDOTITES
Porphyroclastic plagioclase peridotites make up a third structural and metamorphic domain in the southern and eastern part of the Ronda massif which roughly corresponds to the plagioclase facies domain identified by Obata (1980) . This domain is characterized by the occurrence of plagioclase as the Albearing metamorphic phase both in the host peridotite and in enclosed mafic layers. The plagioclase peridotites comprise both lherzolites and harzburgites, and they enclose indigenous dunites.
At the southern margin of the granular domain, peridotites with a clearly granular microstructure gradually pass into plagioclase-bearing porphyroclastic peridotites, hereafter referred to as plagioclase tectonites. This transition towards the plagioclase-bearing rocks is reflected by (1) an increasing intensity of the foliation towards the south, (2) a grain-size reduction of all mineral phases, (3) an increasing elongation of pyroxenes towards a porphyroclastic structure as shown in Fig.  10a , (4) the occurrence of plagioclase as elongate rims around spinel, and (5) with increasing intensity of the foliation, a decreasing angle between this foliation and a layering defined by compositional banding and pyroxenite layers. Close to the transition zone with the granular peridotites, a few 10-100-m-scale lenses occur of granular peridotite completely surrounded by foliated plagioclase peridotites. Dunitic layers are tightly folded, with the plagioclase tectonite foliation parallel to the axial planes of the folds. These relationships conclusively demonstrate that the plagioclase tectonites developed at the expense of, and hence later *than, the granular microstructures and assemblages. The development of the foliation in the plagioclase tectonite domain is fairly uniform, but there are different kilometre-scale domains characterized by different structural geometries. These different geometries are conveniently described in terms of the vergence on the plagioclase tectonite foliation, defined here as the sense of the acute angle measured from the foliation to the pyrpxenite layering (see, e.g. Fig. 10a ). This definition is consistent with current definitions of vergence in folded and cleaved rocks (Hobbs et al., 1976) . A first and dominant domain of plagioclase tectonites is characterized by a southward vergence (Figs 2 and 3) . Foliations in this domain dip dominantly to the north, and show' mainly north-south-trending pyroxene stretching lineations. The minimum width of this domain is several kilometres. Within these south-vergent JOURNAL OF PETROLOGY Fig. 11 . North-south section parallel to the Cerro del Duende ridge (locality shown in Fig. 2) showing vergence changes related to latestage localization in south-and west-directed plagioclase tectonite shear zones overprinting earlier north-directed plagioclase tectonites. CrustaJ lenses described in text are exclusively related to south-and west-directed plagioclase tectonite shear zonei.
plagioclase tectonites, planar zones occur of up to 1 km width with an almost opposite vergence to the north and east (Figs 2, 3 and 11). Foliations in these planar zones dip NNE to east, with mostly steep stretching lineations plunging towards 040-090. Metre-scale folds of the layering with shallow ENEdipping fold axes occur in transition zones between adjacent vergence domains. The kinematic significance of these changes in vergence is discussed below.
Microstructures
The microstructure of the plagioclase tectonites is characterized by elongate olivine with grain sizes in the range 05-1 mm. Strain-free neoblasts with abundant polygonal grain shapes in some samples from south-vergent tectonites suggest that the microstructure has been partly annealed after deformation. Orthopyroxene (enstatite) occurs as elongate clasts occasionally rimmed by a neoblast assemblage of two-pyroxenes and some minor pargasitic amphibole. Clinopyroxene (diopside) does not show a clear shape-preferred orientation. Spinel is rimmed by 'dusty' aggregates of saussurite (Fig.   10b ). In this assemblage, relict plagioclase indicates that the tectonites developed in the plagioclase peridotite facies (Table 1) . Unfortunately, most of the details of the plagioclase tectonite microstructure have been obliterated by intense serpentinization affecting these rocks much more pervasively than those of the other structural domains. Systematic microstructural differences, if any, between the microstructures of plagioclase tectonites with different vergences are therefore difficult to assess, and have not been observed in this study. Both vergence domains in the plagioclase tectonites show essentially similar olivine LPO patterns, and examples are shown in Fig. 12 . Olivine [100] is concentrated in a point maximum at small angles to the mineral stretching lineation, olivine [010] is distributed along a partial girdle perpendicular to the foliation and lineation, with a point maximum subperpendicular to the foliation. Olivine [001] is also distributed along a partial girdle, with a point maximum in the foliation plane. Such fabrics are consistent with crystal plastic slip on the olivine [100]{0A/} slip system ('pencil glide', Carter & Ave Lallemant, 1970) during dominantly non-coaxial flow. 
Mafic layers
Mafic layers composed of greenish spinel, plagioclase, orthopyroxene, clinopyroxene, olivine and amphibole, referred to as olivine gabbros by Obata (1980) , are confined to the plagioclase tectonites and the southernmost 500 m of the granular domain. Clinopyroxene and plagioclase show a weak shapepreferred orientation and some LPO. Olivine and plagioclase occur in elongate rims around spinel parallel to the tectonite foliation, suggesting synkinematic breakdown of spinel to plagioclase and olivine. This breakdown of spinel is consistent with the breakdown of spinel in the lherzolitic assemblages. Coarse-grained clinopyroxene shows exsolution of plagioclase, facilitating the breakdown of pyroxene into a new assemblage of clinopyroxene and plagioclase (Schubert, 1977) . Occasionally, strong shearing in olivine gabbros has led to very fine-grained (10 /mi) mylonitic microstructures. As previously noted, the mafic layering is always oblique to the plagioclase tectonite foliation to a variable degree, unlike the garnet pyroxenite layers from the garnet-bearing peridotites. The observed microstructures and assemblages of the olivine gabbros and their exclusive occurrence in the southernmost granular peridotites and plagioclase tectonites indicate that they represent the deformed and recrystallized equivalents of former spinel pyroxenites.
Crustal lenses
Lens-shaped bodies of high-grade crustal gneisses and migmatites occur strictly associated with northto east-vergent plagioclase tectonites. The maximum observed dimension of such lenses is 15 m. The mineral assemblages in these lenses strongly resemble those of the high-grade gneisses and migmatites underlying the Ronda peridotite and described by Lundeen (1978) . The foliations and lineations developed in mylonitic rims of such lenses are parallel to those in the peridotite wall-rock, suggesting that these lenses deformed synchronously with shear deformation in the peridotite. Felsic crustal lenses may show irregular patches of granitic composition, and small granitic dykes similar to the aplitic dykes described by Obata (1980) are observed to root in such lenses. These observations indicate that tectonic interleaving of the crustal rocks and peridotites was accompanied by minor melting of the crustal rocks. Cooling ages of granitic dykes transecting all peridotite assemblages indicate a Miocene age for their final emplacement (~22 Ma, Priem et al., 1979; Zindler et al., 1983) .
DISCUSSION
Origin of the Ronda peridotite
Graphite pseudomorphs after diamond in pyroxenites from the Ronda peridotite (Davies et al., 1993) suggest that the spinel tectonites went through a complicated exhumation history starting at baseof-lithosphere or asthenospheric levels. Scattered pyroxene-spinel clusters, often used in mantle xenolith suites to infer a garnet peridotite protolith (e.g. Mercier & Nicolas, 1975) have not been observed in the Ronda peridotite, presumably because of later deformation. Virtually complete equilibration in the Ariegite subfacies thus probably obliterated most of the structural and metamorphic imprints related to this early exhumation history, although some of this history could be preserved in the internal parts of thick pyroxenite layers resistant to the later deformation processes.
Significance of the garnet-bearing peridotites
The significance of the garnet-bearing peridotites as regards the ambient pressure-temperature conditions during their development is subject to considerable debate. This arises from the fact that there are at least three different ways in which garnet can be produced within a peridotite assemblage: (1) as a primary phase formed at appropriate pressures and temperatures within the mantle; (2) by tectonic dispersion of garnet pyroxenite layers; (3) as a secondary phase formed during metamorphism of spinel peridotite or serpentinite possibly assisted by VOLUME 37 NUMBER 1 FEBRUARY 1996 enrichment of the spinel peridotite protolith in mafic components (Menzies & Dupuy, 1991) . The present study confirms that mechanical isolation of garnets owing to extreme boudinage of garnet pyroxenite layers at very high strains, hence tectonic dispersion, has been an important mechanism. Similar observations have restrained many workers from classifying the garnet-bearing mylonites in the NW Ronda peridotite as 'true' garnet peridotites (e.g. Schubert, 1982; Pearson et al., 1989; Kornprobst et al., 1990) . On the other hand, in view of the presence of clearly stable garnet-olivine contacts, Obata (1980) has argued that these mechanically introduced garnets remained stable and, therefore, equally reflect garnet peridotite facies conditions. A similar conclusion was put forward by Saddiqi et al. (1988) for the garnetbearing peridotites in the Beni Bousera peridotite. Obata's reasoning was heavily criticized (Schubert, 1982) and to date it has not been established whether the Ronda peridotite actually equilibrated in the garnet peridotite stability field.
This study shows that many spinels in the garnetspinel mylonites are rimmed by kelyphitic aggregates of ultra-fine-grained pyroxenes and spinel. Such kelyphite rims around • spinel have never been observed in the spinel tectonites. The presence of these symplectitic reaction rims with bulk compositions of a pyrope-rich garnet suggests that the mylonites indeed represent true garnet peridotites developed during metamorphism of a spinel peridotite precursor. A secondary formation of garnet is further supported by the observation that these kelyphitic symplectites also occur in mylonitic peridotites that lack any evidence for the presence of intensely stretched pyroxenite layers. On the other hand, we emphasize that there are also stable spinels in the mylonites. This may be due either to slow reaction kinetics with respect to possibly high strainrate deformation in the mylonites or to equilibration near the garnet peridotite-spinel peridotite transition. The pressure-temperature range of this transition may be considerable, depending on variations in Cr content of the spinels (Caroll Webb & Wood, 1986) . Whether destabilization of spinel was primarily related to mixing of mafic components from pyroxenite layers with the host lherzolite, or to slightly changing P-T conditions towards the garnet peridotite facies is difficult to assess.
In view of the complete lack of microstructural evidence for destabilization of spinel in the spinel tectonites, the transition from spinel tectonites to garnet-spinel mylonites is inferred to reflect a change in ambient P-T conditions during progressive deformation and development of the garnetspinel mylonites, i.e. from Ariegite subfacies conditions to those prevailing near the spinel peridotitegarnet peridotite transition.
Significance of the granular peridotites
Peridotites with a granular microstructure are common in many ultramafic massifs and have been documented in, for example, the Lanzo peridotite (Boudier, 1978) , the Erro-Tobbio peridotite (Ernst & Piccardo, 1975; Vissers et al., 1991) , the Josephine peridotite (Norell & Harper, 1988) , the Zagarbad peridotite in the Red Sea (Bonatti etal., 1981) and in the Fontete Rouge exposure in the French Pyrenees (Conquere, 1978) . Granular microstructures are also common in mantle xenolith suites from, for example, the Massif Central, France (Coisy & Nicolas, 1978) , South Africa (Boullier & Nicolas, 1975; Harte et al., 1975) , Hawaii (Jackson, 1968) , and Victoria, Australia (Frey & Green, 1974) . These observations suggest that large portions of the upper mantle underneath orogenic and volcanic belts, as well as cratons, consist of coarse-grained granular peridotites.
Many views exist on the development and significance of granular peridotites; however, there seems to be common agreement on the notion that the granular microstructures seen in peridotite massifs and xenolith suites reflect an early stage of the peridotite history before the development of other structures and microstructures (e.g. Green & Gueguen, 1974; Boyd & Nixon, 1975; Mercier & Nicolas, 1975) . Our study indicates that the granular peridotites of the Ronda massif are at variance in this respect. The structures and microstructures observed across the transition zone clearly show that the granular microstructures overprint and therefore postdate progressive deformation in the spinel tectonite and garnet-spinel mylonite domain. This chronological relationship is entirely consistent with theoretical considerations by Harte (1977) , but opposite to that traditionally inferred for mantle rocks underneath kimberlite pipes (Boyd & Nixon, 1975) , alkali basalt-borne xenoliths (Mercier & Nicolas, 1975) , mantle diapirs (Green & Gueguen, 1974; Coisy & Nicolas, 1978) and some peridotite massifs (e.g. Drury et al., 1990) . A corollary of our structurally based observations at Ronda may be that attempts to interpret diverging chemical and physical properties of granular and sheared peridotites (e.g. Downes, 1987) in terms of a chronological order need to be done with great care, in particular in the case of mixed xenolith populations where any information on the spatial relationships between granular and sheared peridotites is inherently unavailable.
The structures and microstructures seen in the granular domain suggest that annealing recrystallization and grain growth have been important, but from the characteristics of the microstructures alone it cannot be immediately decided whether they represent entirely static recrystallization, or dynamic recrystallization in response to low-stress-high-temperature deformation. In the latter case, grain sizes will tend to adjust to the newly achieved (lower) flow stresses, facilitated by olivine grain growth (e.g. Ross et al., 1980; Van der Wai etal., 1993) . However, several of the features seen in the transition zone between the garnet-bearing peridotites and the granular rocks are inconsistent with an interpretation of the granular rocks in terms of a zone of localized low-stress deformation. First, the boundary of the granular domain is dome-shaped at the kilometre scale. Second, the orientations of the compositional layering and the spinel trails do not show any appreciable deflection across the transition zone. Third, the olivine LPO patterns traced across the transition provide no evidence for any rotation of the flow plane, expected across any shear zone boundary (e.g. Ramsay & Graham, 1970) . These features preclude any interpretation of the granular domain as a zone of localized low-stress deformation, dominated by migration recrystallization and grain growth, and developed within a deformed and fine-grained wall-rock. It is thus concluded that the granular peridotites in the Ronda massif must have developed as the result of static annealing recrystallization and grain growth.
Recrystallization in the granular domain was accompanied by the progressive transformation of garnet pyroxenites to spinel pyroxenites. This transformation indicates that the recfystallization event occurred at Seiland subfacies conditions, hence at confining pressures significantly lower than those associated with progressive deformation in the garnet-bearing peridotites. This decompression implies a significant degree of exhumation equivalent to some 1000 MPa confining pressure at some stage between the development of the garnet-bearing peridotites and the recrystallization event that produced the granular spinel peridotites. There are, however, no structures associated with this stage of exhumation.
Kinematic interpretation of the plagioclase peridotites
The primary layering in the plagioclase peridotite domain is folded at a scale of several hundreds of metres (Fig. 11) . The kinematic significance of these folds, however, may pose a problem as follows. Ramberg (1960) and Biot (1961) have shown that the wavelength of buckle folds depends on the thickness of the folded layer and on the viscosity contrast between folded layer and host rock [see also review by Ramsay & Huber (1987, p. 383) ]. An explanation of the observed fold wavelengths by buckling mechanisms thus requires viscosity contrasts at a scale of the wavelength of the folds. As the thickness of compositional banding and pyroxenite layers in an elsewhere uniform peridotite matrix is several metres at the most, mechanical contrasts associated with the layering at a 100-m scale must have been negligible such that folding owing to mechanically controlled buckling mechanisms can be ruled out. In addition, the compositional banding and pyroxenite layers in the wall-rock adjacent to the plagioclase tectonites (i.e. the granular peridotites) show a distinct preferred orientation. It follows that the contortions of the layering into fold shapes such as those shown in Fig. 11 must have a kinematic significance other than buckling (Van der Wai, 1993, pp. 19-31) . In view of the nature of the transition between the granular peridotites and plagioclase tectonites, strongly suggesting strain localization, and because of the planar zones within the plagioclase tectonite domain showing different vergence, it is envisaged that the 100-m-scale fold shapes reflect geometrical effects of localized deformation in shear zones. However, despite the distinct strain localization reflected by the microstructures across the transition from granular peridotites to plagioclase tectonites, this transition is not accompanied by a major contortion of the layering. This may be explained by an initial orientation of the preexisting layering at small angles to the flow plane of the developing shear zone, i.e. an initial orientation in a dominantly non-rotational orientation, provided that the sense of movement in the shear zone is 'top to the north'. The asymmetry of the olivine LPO patterns in the south-vergent plagioclase tectonites is consistent with shear deformation with a 'top to the north' sense of shear, indicating that these plagioclase tectonites indeed developed in a non-coaxial flow regime with a 'top to the north' sense of movement. Major contortions of the layering are associated with the transitions from south-vergent to north-and east-vergent zones (Fig. 11) . These contortions can be interpreted to result from strain gradients preserved in shear zone margins, where the layering mainly resided in a rotating orientation with respect to the flow plane (Van der Wai, 1993) . The sense of contortion of the layering into the north-and east-vergent plagioclase tectonites suggests a 'top to the south/west' sense of shear, again consistent with the asymmetry of olivine LPO patterns in the north-and east-vergent plagioclase tec-JOURNAL OF PETROLOGY VOLUME 37 NUMBER 1 FEBRUARY 1996 tonites. It follows that the contortions of the layering allied with systematic vergence changes and tested against LPO pattern asymmetry are consistent with the development, in the plagioclase peridotite domain, of two shear zone generations with opposite senses of shear. The earliest south-vergent plagioclase tectonites must have developed during noncoaxial flow with 'top to the north' senses of movement, in a zone of rather homogeneous deformation at least as wide as the entire plagioclase peridotite domain. The second-generation plagioclase tectonites are characterized by 'top to the south/west' movements in much more localized but still kilometre-scale shear zones. The crustal lenses described above are exclusively associated with these latter shear zones, indicating that these youngest plagioclase tectonites developed during ductile emplacement of the peridotites into the crust. The contortions of the layering into these zones can be used to infer shear strain (y) values. Shear strains of y > 5 are obtained geometrically from Fig. 11 ( Van der Wai, 1993) . The minimum cumulative displacement on the 'top tO'-the south/west' tectonite shear zones is inferred to be ~ 12*5 km, which seems a reasonable value for shear zone structures accommodating ductile emplacement into the crust. It is emphasized that this value for cumulative displacement refers to the exposed portions of plagioclase peridotites only, hence total displacement values for these shear zones may have been much larger. In any case, on the basis of our geometrical and kinematic analysis of the plagioclase tectonite structures we infer that the plagioclase tectonites must have played an important role in the earlier stages of progressive ductile thrusting in the western parts of the Betic-Rifean chain (Van der Wai & Vissers, 1993) .
Comparison with the Ojen massif
A similar reversal in shear sense in plagioclase peridotites can be inferred from the structural map of the Ojen massif, located east of the Ronda massif (Tubia & Cuevas, 1986 , 1987 . The youngest generation of shear zones with dominantly SW-NE stretching lineations in the northwestern margin of the Ojen massif clearly developed synchronous with adjacent crustal units and are, therefore, also emplacement related. In addition, Tubia & Cuevas (1986) reported olivine LPO patterns from these plagioclase peridotites developed during olivine [c]-slip. Such olivine [c]-fabrics are known to result from crystalplastic deformation accommodated by low-temperature slip systems (Mercier, 1985) , consistent with an interpretation of the 'top to the south/west' plagioclase tectonites as being related to ductile emplacement of the peridotites into the crust.
Implications for emplacement models
The sequence of structures and allied metamorphism observed in the different structural and metamorphic domains place some limitations on hypotheses concerning the uplift and emplacement of the Ronda and other West Mediterranean peridotite bodies. In the context of this paper, we wish to refrain from detailed tectonic interpretations, which have been published elsewhere (Van der Wai & Vissers, 1993) . For present purposes, however, some of the current hypotheses may be tested against the data presented above. Both the 'core complex' hypothesis (Doblas & Oyarzun, 1989 ) and the hypothesis involving upward flow underneath a continental rift followed by thrusting over the adjacent continental crust (Tubia & Cuevas, 1986 , 1987 are at variance with the sequence of events inferred above, as both hypotheses predict that the plagioclase peridotites should have formed at a stage before deformation in the garnet-spinel mylonites. Upward movement of a slowly cooling peridotite mass seems thus favourable over these other hypotheses, because only in this case are the structures and assemblages seen in the garnet peridotite domain predicted to be the earliest structures formed. Several problems surround the details of this hypothesis, however, and in particular the thermal history of the peridotite discussed in detail by Van der Wai (1993) and Van der Wai and Vissers (1993) suggests that uplift of the Ronda body as part of a mantle diapir is in some aspects inconsistent with the thermal history of the Ronda rocks. We envisage that detachment of relatively cold mantle lithosphere and consequent convective upwelling of asthenospheric material as suggested by Platt and Vissers (1989) and supported by Zeck it al. (1992) , Blanco and Spakman (1993) and Davies et al. (1993) may adequately account for the structural and metamorphic history of the peridotite (Van der Wai & Vissers, 1993) .
CONCLUSIONS
Detailed structural analysis shows that the garnetbearing peridotites of the Ronda peridotite consist largely of spinel tectonites, locally transected by garnet-spinel mylonite zones. The largest of these mylonite zones is seen in the northwestern periphery of the massif. Apart from significant strain localization, there is a change in ambient conditions allied to this structural transition, i.e. from Ariegite subfacies conditions preserved in the spinel tectonites towards the spinel peridotite-garnet peridotite boundary in the mylonites.
The structures and microstructures in the granular peridotites indicate that these granular rocks developed as a result of annealing recrystallization and grain growth in a previously deformed garnetbearing peridotite protolith. The granular spinel peridotites thus postdate the foliated garnet-bearing peridotites. Recrystallization occurred at Seiland subfacies conditions. The preservation of the recrystallization front seems to be a unique feature of the Ronda peridotite, and represents a major structural, metamorphic and possibly also geochemical boundary in the Ronda massif.
The internal structure of the plagioclase peridotites is more heterogeneous than previously assumed (see, e.g. Darot, 1973; Obata, 1980) . They developed at the expense of the granular peridotites primarily as a result of pervasive shear deformation, initially at a scale at least as large as the entire plagioclase peridotite domain. A later generation of kilometre-scale plagioclase tectonite shear zones shows opposite movement senses. These younger, more sharply localized shear zones are clearly related to emplacement of the Ronda massif into the crust.
The sequential development of the different structures and allied metamorphic conditions place some limitations on current hypotheses regarding the uplift and emplacement of upper-mantle peridotites in the Betic-Rif realm. The peridotite uplift history must have involved an early stage of deformation in the garnet-bearing peridotites before exhumation and extensive recrystallization. This recrystallization event predates the emplacement at crustal levels accommodated by ductile flow in plagioclase tectonite shear zones. This sequence of events seems largely consistent with Obata's (1980) suggestion of an ascending, slowly cooling peridotite mass, and invalidates hypotheses predicting a relatively late development of the garnet-spinel mylonites.
